Abstract Glioblastoma multiforme (GBM) modulates the immune system to engance its malignant potential. Signal transducer and activator of transcription 3 (STAT3) activation is a regulatory node in modulating the immune microenvironment in several human tumors, including GBM. To investigate whether STAT3 inhibition might enhance antitumor responses, we inhibited STAT3 signaling using small interfering RNA against STAT3. We tested the human GBM cell lines U87, U251, and HS683, which are known to constitutively express high levels of phospho-STAT3. STAT3 inhibition resulted in enhanced expression of several proinflammatory cytokines and chemokines and supernatants from STAT3-silenced human GBM cell lines increased lipopolysaccharide-induced dendritic cell activation in vitro. We obtained comparable results when STAT3 activity was suppressed with specific small molecule inhibitors. Our results support the hypothesis that activated STAT3 contributes to the immunosuppressive microenvironment in GBM and support previous studies implicating STAT3 as a potential target for immunotherapy.
mandating novel approaches to bolster the current therapeutic regimens. Preclinical studies have demonstrated the potential of immunotherapy to provide durable responses in models of GBM; however, these results have not yet been effectively translated to success in clinical trials. One major impediment is the immunosuppressive microenvironment of GBM, which allows the tumor to evade the immune system [1] . GBMs have been shown to downregulate MHC Class II expression, upregulate checkpoint molecules such as B7-H1, and recruit/activate suppressor immune cells such as regulatory T cells (T reg ) [2] [3] [4] .
Signal transducer and activator of transcription 3 (STAT3) is directly involved in the implementation and maintenance of the GBM immunosuppressive microenvironment and plays a central role in many tumors in which STAT3 is consistently activated [5] [6] [7] . STAT3 is activated downstream of multiple tyrosine kinase pathways such as epidermal growth factor receptor (EGFR) as well as nonreceptor tyrosine kinases such as SRC and ABL, which are constitutively activated in many neoplasms [8, 9] . As a transcription factor, STAT3 mediates immunosuppression in tumors though modulation of cytokine expression and downregulation of MHC Class II and co-stimulatory molecules [10] [11] [12] [13] . STAT3 is inducible by several cytokines, including IL-6 and IL-10 [14, 15] , and STAT3 mediated expression of these factors drives activation of STAT3 in nearby immune cells (Fig. 1) [9, [16] [17] [18] . As a result of this activation loop, STAT3 remains constitutively active in immune cells such as neutrophils, natural killer (NK) cells, dendritic cells (DCs), macrophages, and lymphocytes, profoundly inhibiting their anti-tumor activity. In addition, STAT3 promotes activity of T regs , which have been shown to inhibit anti-tumor immune responses in a wide variety of cancers [19, 20] .
Inhibition of STAT3 has been investigated as a potential therapeutic approach in preclinical models of GBM. The validity of this approach is bolstered by data which showed that infiltrating cells with activated STAT3 was associated with poorer survival in GBMs [21] . A recent study reported that regulation of STAT3 activation with inhibitor WP1066 was capable of reversing immunosuppression in a murine glioma model, specifically improving microglial activity and survival after treatment [22] . Another group used the small molecule JSI-124 to block STAT3 combined with adoptive cytotoxic T cell therapy in a murine model and reported improved survival and increased T cell response with treatment [23] . A separate group confirmed that effector functions of immune cells are decreased in the presence of glioma cells by evaluating the functional status of STAT3-positive immune cells in co-culture experiments with normal microglial and human glioma cells [24] . These studies suggest that STAT3 activation in GBMs negatively affects immune cells and implicate STAT3 inhibition as a potential therapy; however, small molecule inhibitors tested thus far have not been specific for STAT3.
Here we present our data on the effects of STAT3 inhibition on the immune profile of GBM using STAT3 small interfering RNA (siRNA) and two STAT3-selective small molecule inhibitors, STAT3 Inhibitory Compound (Stattic) and NSC 74859 (S31-201) [25, 26] .
Materials and methods

Cell lines
Established human glioma cell lines U251, U87, and HS683 were kindly provided by Dr. Gregory Riggins (Johns Hopkins School of Medicine). U937 is an established monocytic cell line derived from histiocytic lymphoma; this was kindly provided by Dr. Drew Pardoll (Johns Hopkins School of Medicine). These were cultured in DMEM supplemented with 10 % FCS, 100 units/mL penicillin, and 100 lg/mL streptomycin at 37°C in a humidified atmosphere containing 5 % CO 2 .
siRNA transfection Cell lines were transfected with 15 nM STAT3 siRNA oligonucleotide (Santa Cruz Biotechnology, Santa Cruz, CA) using Lipofectamine 2000 (Invitrogen Life Technologies, Grand Island, NY) after the cells reached 90 % confluence. Controls were treated with scrambled siRNA oligonucleotide or Lipofectamine alone, according to the manufacturer's recommendations. The medium was changed 24 h after treatment. 72 h after treatment, the culture supernatant was collected and cells were harvested by Trypsin-mediated detachment from the flask.
Electrophoresis mobility shift assay (EMSA)
We performed EMSA as previously described [27] . We obtained 5-10 mg of crude nuclear extracts and incubated the extract with the 32 P-labeled high-affinity SIE probe derived from the c-fos gene promoter that binds STAT1 and STAT3. We then performed the supershift binding reaction with a rabbit polyclonal antibody specific for STAT3 (Santa Cruz Biotechnology). The Protein-DNA complexes were run on 5 % non-denaturing polyacrylamide gels and analyzed with autoradiography.
Western blot
We performed Western blot with a standard protocol based on commercially available reagents. The pSTAT3 antibody was specific for STAT3 phosphorylated at Y705 (Cell Signaling, Danvers, MA). Antibody was used at a dilution of 1:1,000.
Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted using the RNeasy Mini Kit according to the manufacture's protocol (Qiagen, Valencia, CA). 1 lg of RNA was used as template for reverse transcription; 100 lL cDNA was synthesized using the SuperScript III First-strand Synthesis SuperMix for qRT-PCR (Invitrogen, Carlsbad, CA). qRT-PCR was performed using the ICycler MyiQ detection system (BioRad, Hercules, CA). Reactions were performed in 25 lL of final volume reaction mixture, containing 5 lL cDNA, 12.5 lL 2X SYBR Green master mix (BioRad), and 1 lmol sense and antisense primer. All oligonucleotide primers for qRT-PCR were synthesized by IDT, Inc. and the sequences are listed in Supplementary Table 1 . The same thermal profile conditions were used for all primer sets. Samples were run in triplicate for each primer set. To analyze the relative changes in gene expression of the treatment group versus the untreated control, the 2 -DDCT method was used [28] . HS683 cell lines were tested in triplicate a total of three times, and the U87 and U251 cell lines were tested in triplicate once.
DC maturation assay
Human DCs were generated from Buffy coat units (Baxter Healthcare Corporation Fenwal division, Deerfield, IL) or from fresh whole blood, drawn with informed consent from healthy donors into heparinized Vacutainers (BectonDickinson Bioscience, San Jose, CA). Peripheral blood mononuclear cells (PBMCs) were isolated by a FicollHypaque density gradient (Amersham Pharmacia Biotech, Uppsala, Sweden). In accordance to the manufacturer's protocol, we isolated CD14
? monocytes from the PBMCs through positive selection using a MACS system (Miltenyi Biotech Inc, Auburn, CA).
Subsequently, monocytes were cultured in six-well plates (0.5 9 10 6 cells/mL) in RPMI-1640 ? 10 % FCS supplemented with 1,000 U/mL GM-CSF (R&D Systems, Minneapolis, MN) and 500 U/mL IL-4 (Peprotech, Rocky Hill, NJ). To generate mature DCs, cells were cultured for 6 days and then incubated with 100 ng/mL of lipopolysaccharide (LPS)from Escherichia coli 026:B6 (Sigma, St. Louis MS). Cells were harvested after a total treatment period of 48 h. For DC maturation inhibition experiments, CD14
? monocytes were cultured in standard DC medium supplemented with 25-75 % tumor cell supernatants from the first 24 h after siRNA transfection (see above). Fresh medium supplemented with supernatant was added to the culture on days 2, 4, and 6, at which point LPS was added.
On day 8, cultures were harvested. 5 adherent cells were seeded in T25 flasks and grown for 24 h before adding 7 mL of medium with 7 lL of 10 mM stock Stattic (final concentration 10 lM), 100 lM stock NSC 74859 (final concentration 100 lM), or DMSO. RNA and nuclear protein were extracted to confirm specific inhibition of STAT3 [27] .
Results
STAT3 suppression alters the proinflammatory cytokine and chemokine profile of GBM cell lines
Initially, we tested for phospho-STAT3 (pSTAT3) expression using EMSA of nuclear protein from in vitro culture of untreated GBM cell lines. We found constitutive expression, activating phosphorylation, dimerization, and specific DNA binding of STAT3 in U251, U87, and HS683 (Fig. 1a) . This is consistent with the pattern of pSTAT3 overexpression in resected human GBM specimens relative to normal brain and is in agreement with previously published studies [5, 29] .
We used siRNA to specifically suppress STAT3 expression in adherent cell lines, as it has been effectively applied in head and neck cancer cell lines [30] . The LipofectAMINE transfection condition effected pSTAT3 suppression in each of the three adherent cell lines, as demonstrated by EMSA and western blot. Compared to controls, treatment with anti-STAT3 siRNA qualitatively reduced the level of DNA binding by pSTAT3 (Fig. 1b, c) .
We next evaluated the effects of STAT3 inhibition on expression of the following cytokines and chemokines by qRT-PCR: interferon gamma-inducible protein 10 (IP-10), RANTES, IL-6, IL-8, and tumor necrosis factor alpha (TNFa) (Fig. 2) . Compared to controls, HS683 cells treated with anti-STAT3 siRNA expressed higher mRNA levels of IL-6 (p \ 0.001), IL-8 (p \ 0.001), IP-10 (p = 0.01), and Rantes (p \ 0.001). However, although TNFa trended towards an increase in expression, this was not statistically significant (p = 0.07). U251 and U87 cell lines treated with anti-STAT siRNA did not show significantly different mRNA levels of cytokines, however several patterns seen trended towards significance; both cell lines show an increase in IL-8 and IP-10 mRNA expression after treatment. IL-6 mRNA expression increased in U251 but not in U87, TNFa is increased in U251 cells, while Rantes is increased in U87.
pSTAT3 inhibition in tumor cells reduces dendritic cell maturation via soluble factors
We next assessed the maturation of DCs exposed to supernatant from each experimental arm of U251 and HS683. Immature DCs express low levels of CD86 and HLA-DR (15 % double-positive, Fig. 3a) , while DCs which mature in response to LPS express high levels of CD86 and HLA-DR (72.7 % double positive, Fig. 3b ). Supernatants from untreated and Lipofectamine-treated (negative control) U251 and HS683 cell culture did not alter the maturation of DCs (70.5-75.4 % double positive, Fig. 3c, d, f, and g ). However, there was a significant increase in the level of expression of CD86 and HLA-DR when DCs were exposed to supernatant from HS683 or U251 cells treated with anti-STAT3 siRNA (92.1, or 92.7 % double positive, Fig. 3e or h) . Therefore, blocking STAT3 in the tumor cells stimulates the release of soluble factors that dramatically enhance DC maturation.
Small molecule inhibition of STAT3 reflects the effects of siRNA inhibition Although siRNA and shRNA are effective in suppressing pSTAT3 in vitro, it has yet to be demonstrated as a feasible therapy in the clinical setting. Stattic and NSC 74859 are two non-peptide small molecule inhibitors which block pSTAT3 dimerization by inhibiting activity at the Src homology 2 (SH2) dimerization domain [25, 26] . Treatment with Stattic and NSC 74859 both decreased the level of pSTAT3 expressed by HS683 cells (Fig. 4a) . Treatment with the DMSO diluents served as a negative control and did not qualitatively impact the level of pSTAT3.
qRT-PCR demonstrated significant change in the expression of inflammatory cytokines and chemokines when HS683 was treated with NSC 74859 or Stattic (Fig. 4b, c) . NSC 74859 significantly decreased the expression of IP-10 (p = 0.02) and TNFa (p = 0.009), however NSC non-significantly increased mRNA expression of IL-6 (p = 0.1) and IL-8 (p = 0.07), which is similar to the pattern observed after siRNA treatment. Stattic non-significantly increased expression of IL-6 (p = 0.6), IL-8 (p = 0.5), and TNFa (p = 0.3), which is similar to the pattern observed after siRNA treatment. However, the Stattic arm trended towards decreased expression of IP-10 (p = 0.11) and Rantes (p = 0.8). Some of the effects in cytokine expression after treatment with Stattic and NSC resembled the patterns observed after siRNA; most consistently, IL-6 and IL-8 upregulation.
Other cytokines had variable responses to the different methods of STAT3 inhibition and different degrees of STAT3 inhibition, which likely reflects variable sensitivity in pathways downstream of STAT3. Surprisingly, IP-10 was downregulated by both small-molecule inhibitors.
Discussion
We have found that targeting STAT3 (using both siRNA and small molecule inhibitors) changes the expression of paracrine immunologic signaling molecules in adherent human GBM cells. IL-6 and IL-8 were consistently increased by STAT3 blockade, both via siRNA and small molecules. IP-10 consistently increased with STAT3 siR-NA but decreased with both small molecule inhibitors. Rantes responded variably to STAT3 siRNA but more subtly than IL-6; IL-8 and was affected by neither small method. Increases in all cytokines except TNF-alpha (TNFa) are statistically significant when compared to either the untreated or Control siRNA arms. IL-6, IP-10, and Rantes also had significant changes when the untreated arm is compared to the Control siRNA arm, but this is much less than the difference between the untreated arm and the anti-STAT3 siRNA arm. Discrepancies between the 95 % confidence interval and the alpha of 0. Mechanisms of STAT3 paracrine activity have been well defined in other tumor models. Although we evaluated expression of IP-10, Rantes, IL-8, IL-6, TNFa, and IFNb, it is possible that other cytokines or chemokines contribute to the increased immune response when pSTAT3 is inhibited. In this study, the relationships between cytokines and STAT3 reflect the published cancer immunology literature on other tumors [9] . It will also be important to evaluate whether pSTAT3 inhibition affects the expression and activity of receptors for the chemokines and cytokines, which has not been evaluated in prior studies. Changes at the receptors could amplify or dampen the functional impact of changes in the signaling molecules.
Despite the non-significant findings of some of our cell lines in the qRT-PCRs, we found consistent functional significance in our DC maturation assay. Exposing DCs to culture medium from untreated U251 and HS683 did not alter the proportion of maturing DCs; however, exposing DCs to the soluble factors in medium from STAT3 siRNAtreated U251 and HS683 cells significantly increased the number of maturing DCs. This increase in DC maturation in response to STAT3 inhibition suggests that the changes in cytokine and chemokines expression are physiologically significant.
While the concept of immunotherapy for cancers is very attractive, current vaccine strategies have yielded marginal benefits [31] [32] [33] . Past studies suggested that we can effectively train the immune system to recognize specific peptides, but the immune microenvironment of tumors can inactivate tumor-specific immune cells [34] [35] [36] . To neutralize the anti-tumor immune response, cancer cells have replicated the body's physiologic mechanisms of controlling autoimmunity [37, 38] . Activated STAT3 has been shown to play an important role in mediating the immune microenvironment in other solid tumors and our results support previous studies which have suggested that STAT3 may play an important role in the immune microenvironment of GBM [39] [40] [41] [42] [43] .
To investigate clinical application of STAT3 inhibition in glioma, we tested Stattic and NSC 74859, which have been shown to affect tumor growth directly as well as through anti-tumor immune response. Although we did not observe qualitative signs of increased cell death during our experiments, it is possible that cell death signals may have effected some of the observed changes. However, this is via STAT3-mediated pathways and cannot be distinguished from the immune response, since we used concentrations of Stattic and NSC 74859 which have been previously shown to be to only induce apoptosis in STAT3-dependent cell lines [25, 26] .
Stattic and NSC 74859 are attractive small molecules to apply to the clinics because they effectively inhibited pSTAT3 activity in vitro. However, the therapeutic application of these two small molecules requires additional data and faces potential barriers. First, the in vivo environment involves multidimensional transport of the cytokines and chemokines as well as additional cell types such as normal astrocytes, neurons, vascular endothelial cells, and immune cell populations. Second, these small molecules act by direct interaction with the STAT3 protein, but the intracranial and intra-GBM distribution of these drugs has not been evaluated.
Our data suggest variable STAT3 expression in clinical GBM specimens. This may be due to intratumoral spatial heterogeneity or interpatient heterogeneity. Although there may be populations of GBM cells which may not directly respond to STAT3 inhibition, this is unlikely to alter the clinical effect, since the paracrine pathways of STAT3 activity mean that STAT3 activation in one cell leads to uniform effects on neighboring cells which do not demonstrate STAT3 activation. However, in clinical application, STAT3 inhibition may need to be selectively applied to patients who are screened for STAT3 upregulation, or may need to be applied in combination with other anti-glioma therapies.
Conclusion
Targeting dysregulated STAT3 signaling is an attractive immunotherapy strategy against GBM. Although blocking pSTAT3 has been shown to increase apoptosis and decrease proliferation in tumor cells, this data suggests that it can also increase the anti-tumor immune response against human GBM cells. Stattic and NSC 74859 set the basis for promising future immunotherapies for GBM.
